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Big Questions & Unifying themes

What is the origin of Cosmic Particles?

What are the Galactic Accelerators?
What are the Extragalactic Accelerators?
What is the Accelerating Mechanism?
What particles are accelerated?

How do they propagate to Earth?

What are the cosmic Magnetic Fields?

Are there other unknown relic particles?



Probes of High Energy Particle Interactions:

Interactions in source, on the way to Earth, on Earth
(Atmosphere, Ice, Ocean) give cross sections, multiplicities,
oscillation parameters, etc...) with E,, > 100 TeV hadrons,
50 TeV photons & neutrinos

Is Dark Matter a new Particle?

Are there other unknown relic particles?

Is Lorentz Invariance valid at the Highest Energies?
Are there detectable departures from the standard
model? E.g., extra dimensions, topological defects, ..



High Energy Cosmic Particles



High Energy Cosmic Particles
(aka AstroParticles)



What is the easiest Cosmic Particle to detect?



What is the easiest Cosmic Particle to detect? Photon!




What is the easiest Cosmic Particle to detect? Photon!

In what Energy range do we observe them?



What is the easiest Cosmic Particle to detect? Photon!

In what Energy range do we observe them?
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What is the easiest Cosmic Particle to detect? Photon!

In what Energy range do we observe them?

Gamma
e
mHLH

m- 6 pianos
Irfrarad — — Lra Vickst X-rays

|
1
) N .'I'-'ll.l

e D¢ {1m

i 10 10 10 104 10~ 10-"m
hee - | bateria wirus




What is the easiest Cosmic Particle or “Astroparticle” to
detect? Photon!

In what Energy range do we observe them?
109 eV to 10 eV (1 eV = 2.4 10! Hz)

9 pianos

100 TeV




L
Lorentz Invariance Violation

* Vacuum dispersion relation for photons
* Energy dependent speed of light

* Physics at Planck scale
* Quantum Gravity
* String Theory
* Can not directly probe this energy scale
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Testing LIV with Gamma-Ray Bursts

/7" __ * GRB 090510
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Testing LIV with Gamma-Ray Bursts

||m| H

* GRB 090510

N‘ %@, 51° GeV
x101° GeV

N @ Background: Source
J‘mew

effects — energy
dependent
acceleration times

From N. Otte, SLAC meeting




|_Physics | Technique| Background | _Solution _

AGN!GHB Acceleration Many sources
mechanism large redshift range
particle acceleration




What is the easiest Cosmic Particle to detect? Photon!

In what Energy range do we observe them?
10% eV to 10 eV (1 eV = 2.4 10" Hz)

How far can we observe them from?



What is the easiest Cosmic Particle to detect? Photon!

In what Energy range do we observe them?
10% eV to 10 eV (1 eV = 2.4 10" Hz)

How far can we observe them from?
Energy Dependent

z = 1100 (E_ .~ 103 eV)

Galactic Sources (E ~ 1 PeV?)
Extragalactic Sources — EBL effect
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Figure 2: EBL attenuation for VHE y-rays for different EBL models and red-
shifts (z) (FR: [5]; ST: fast evolution model from [3]; GE: [4]). Color code of
the curves 1s related to different redshifts (the darker the further away).
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Signatures from the EBL & ALP

Axion Like Particles
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= Absorption of primary y-rays by diffuse EBL
- spectra soften
= effect Increases with distance (redshift z)

| 1
001 01 1 10 f [TeV]

= component arises from secondary y-rays
generated by ALP-photon mixing

= spectra harden = characteristic energy

= but spectral rise may not be unique!

From Krennrich (SLAC meeting)




What is the easiest Cosmic Particle to detect? Photon!

In what Energy range do we observe them?
10% eV to 10 eV (1 eV = 2.4 10" Hz)

How far can we observe them from?

z = 1100 (E_ .~ 1073 eV)

Galactic Sources (E ~ 100 TeV)

Extragalactic Sources — EBL effect vs Axion-like Particles



What is the easiest Cosmic Particle to detect? Photon!

In what Energy range do we observe them?
109 eV to 10 eV (1 eV = 2.4 10! Hz)

How far can we observe them from?

z = 1100 (E_.,~ 10-3 eV)

Galactic Sources (E ~ 100 TeV)

Extragalactic Sources — EBL effect vs Axion-like Particles

| Physics |Technique | Background | Solution

AGN spectra Intrinsic spectra Many AGN
EBL level large redshift range,
UHECR production of precision spectra (100
secondary gammas MeV->TeV) particle
acceleration
Variability
EBL knowledge



What is the easiest Cosmic Particle to detect? Photon!

In what Energy range do we observe them?
109 eV to 10 eV (1 eV = 2.4 10'4 Hz)

How far can we observe them from?

z = 1100 (E, .~ 10-3 eV)

Galactic Sources (E ~ 100 TeV)

Extragalactic Sources - EBL effect vs Axion-like Particles
E > 10! eV from 10 Mpc
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redshift

Photon attenuation length

> 10 Mpc for E > 2 EeV
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Auger Photon Limits
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Auger Photon Limits
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Auger Photon Limits
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Cosmogenic (GZK) Neutrinos & Photons




GZK/Cosmogenic Photons E_  dependent
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At High Energies, how are primary photons generated?



At High Energies, how are primary photons generated?
Electromagnetic & Hadronic (m prod) processes



At High Energies, how are primary photons generated?
Electromagnetic & Hadronic (m prod) processes



Nature's HE ¥ Accelerators

Extragalactic

Galactic Supernova
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Photon emission by accelerated charged particles

Photons emitted by Protons

Stars * -

| Photons emitted py”ETéctrons - \\
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At High Energies, how are primary photons generated?
Electromagnetic & Hadronic (m prod) processes

At High Energies, how are they observed?
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At High Energies, how are primary photons generated?
Electromagnetic & Hadronic (m prod) processes

At High Energies, how are they observed?
Fermi Satellite, IACTs, Water Cherenkov



Gamma-Rays Eyes

Fermi GST
LAT:
20 MeV - >300 GeV
GBM
8 keV - 40 MeV
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What has Fermi found: The LAT two-year catalog

Supernova

remnants Globular clusters,
Pulsars 4% high-mass binaries,

6% \ / normal galaxies
Non-blazar \ and more

active galaxiei N\ %

Blazars
57%

Unknown
31%

Credit: NASA/Goddard Space Flight Center



What has Fermi found: The LAT two-year catalog

" Supernova
~ remnants Globular clusters,
, Fu:;rs 4% high-mass binaries,

\ |/ normal galaxies
Non-blazar \ and more

active gaiaxies —\ %

Unknown
31%

Blazars
57%

Limits on DM in GC, Dwarf Galaxies, efc...
Limits on LIV to ~ M,

Limits on Large Extra Dimensions stronger LHC

Credit: NASA/Goddard Space Flight Center



Gamma-Rays Eyes

Fermi
[IACT —
Imaging Atmospheric

h Cherenkov Telescopes
N~1010to <10 eV




TeV 7 Catalog (IACT sky)
145 sources
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Energy resolution: 15-25%
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Disentangling CR acceleration
regions in our Galaxy

VERITAS > 600 GaV

. -
20024™ 20227 200207 20018° 200160
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A0

Righl ascension

DL 00

IACTs such as VERITAS provide good angular resolution (~0.1° / event)
Allows energy dependent study of complex regions, and deconvolution of
multiple overlapping (associated or unassociated) sources.

from Holder CS8S°13




Next Generation Gamma-ray Detectors



Gamma-Rays Eyes

Fermi

Water Cherenkov Telescope
Milagro — now HAWC
~10'" to 107 eV




HAWC:
High Altitude [
Water Cherenkov ms

USA: g

16 institutions,
57 people
Mexico:

15 institutions

54 people

—— ﬁ'ilﬁ‘f'_t"-'.-l-——- ;

to be completed 01120135575
in Aug 2014 |

from Dingus CSS°13
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HAWC: Extended Sources

Milagro’s Detection of an extended PAMELA’s positron excess is well fit
excess coincident with Geminga given Milagro’s flux from Geminga

JO634.0+1745

o -

11

~ e 1:'__' -!-_.i
Yo . B T
"*iq. , g + PAMELA 2008

8 HEAT Combined
Clermn 2006
AMS-01 1998*
AMS-01 1998
CAPRICE 1994
Golden 1993

10
E [GeV]
Yiiksel, Kistler, Stanev PRL 2009

HAWC will detect Geminga with >500

to measure spectra and map diffusion near source
from Dingus CSS’13



HAWC: Exploratory Physics
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Direct Detection of s \ MACRO Monopoles

1
107E - HAWC 300 Preliminary
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Q-Ball Flux [em™

Primordial Black Hole
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10* 100 10° 10
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Tau neutrino showers ———
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CTA: Cherenkov Telescope Array

from Funk CSS’13



- Key design goals:
= 10-fold increased
= 10-fold increased
» |arger field of vig for surveys
* Improved angular resolution .
= Full sky coverage: an array in each hemisg

nsitivity at TeV energies
ffective energy mverage
&

from Funk CSS’13



The baseline ... '"‘""“'""“””""

Core-energy array: High-energy section:

Low-energy section:
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The US groups

Adler Planetarium

Argonne National Lab

Bamard College

Columbia University

Georgia Institute of Technology

Hﬂhg—fmlﬁs@lan {]entar far Astrughyt:ﬂ:s o o
lowa . %,

SN L -
« Pennsylvania State University l

Purdue University
SLAC/Stanford
= University of Alabama Huntsville
UC Davis E &
- ¥C Los Angeles ©
UC Santa Cruz
» University of Chicago
University of Delaware

* University of lowa 18 US Uﬁfv&rs?ty groups

University of Minnesota 2 National Labs
= University of Utah *

Washington University - -
+ Yale University >100 scientists




y-ray Shower
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Results in enhanced sensitivity
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Differential Flux Sensitivity [erg cm
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CTA Baseline (50 hr) “<_
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Energy [logl{E/GeV)]

CTA Baseline (Prod-1): See K. Bernlohr et al. 2012, arXiv:1210.3503
w/ US BExtension (Hybrid-1): See T. Jogler et al. 2012, arXiv: 1211.3181
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Progress Gamma-rays
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What are the most energetic Cosmic Particles ever
detected?



What are the most energetic Cosmic Particles ever
detected? Cosmic Rays of Ultra High Energies (UHECRS)



1962 John Linsley's

observation of a ~102° eV event




What are the most energetic Cosmic Particles ever detected?
Cosmic Rays of Ultra High Energies (UHECRS)

In what Energy range do we observe Cosmic Rays?



What are the most energetic Cosmic Particles ever detected?
Cosmic Rays of Ultra High Energies (UHECRS)

In what Energy range do we observe Cosmic Rays?
from 0.1 GeV to 0.3 ZeV or from 108 to 102° eV .
(12 0.0.m) 12 pianos

Cosmic Rays
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Energies and rates of the cosmic-ray particles
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Scaled flux E*° J(E) (m?s'sr'eV'?)

Equivalent c.m. energy Vs, (GeV)
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What are the most energetic Cosmic Particles ever detected?
Cosmic Rays of Ultra High Energies (UHECRS)

In what Energy range do we observe Cosmic Rays?
from 0.1 GeV to 0.3 ZeV or from 108 to 10?0 eV

How far can we observe them from?



What are the most energetic Cosmic Particles ever detected?
Cosmic Rays of Ultra High Energies (UHECRS)

In what Energy range do we observe Cosmic Rays?
from 0.1 GeV to 0.3 ZeV or from 108 to 1020 eV

How far can we observe them from?
Galactic E < 10! eV 2?7



“Known unknown"

Cosmic Magnetic Fields

R, =kpc Z' (E/EeV) (B/ uG)
R, =Mpc Z' (E/EeV) (B/nG)!

1 EeV=10"8 eV

Extra-galactic B?

B < nG weak deflection

E > 10PeV



What are the most energetic Cosmic Particles ever
detected? Cosmic Rays of Ultra High Energies (UHECRS)

In what Energy range do we observe Cosmic Rays?
from 0.1 GeV to 0.3 ZeV or from 108 to 1020 eV

How far can we observe them from?
Galactic E < 107 eV 2?27

Extragalactic E > EeV = 10" eV; z_,, coc
E > 50 EeV, distances of < 100 Mpc

= 10 ??



Propagation of UHECRSs

Greisen-Zatsepin-Kuzmin (GZK)
pioneered the field in 1966

END TO THE COSMIC-RAY SPECTRUM ¢

Kenneth Greisen
Cornell University, Ithaca, New York
(Recelved 1 April 1966)

One cannot save the day for super
ergy cosmic rays by calling
The threshold for photodisintegration against
photons of 7x10~* eV is only 5x10" eV /nu-
cleon, and at 10" eV /nucleon most of the

photons can excite the giant dipole resonance,
for which the cross section is on the nrder
i g G« T. Zatsepin and V. A. Kuz'min
P. N. Lebedev Physiecs Institute, USSR Academy of Sciences
Submitted 26 May 1066
ZhETF Pls'ma 4, No. 3, 114-117, 1 August 1966

Wotice should be taken of the disintegratlon
they pass through metagalactic space. This cocurs at an c-particle energy somewhat lower
than the proton energy at which the pion photoproduction process begina. The rather large
crosg sectlon of thils process should lead to total disappearance of the muclel from the cosmic

rays at energies above 1019 gV,



“Cosmologically Meaningful Termination”

Proton Horizon
~10%20 eV

i

GZK Cutoff
Greisen, Zatsepin, Kuzmin
1966



Cosmogenic (GZK) Neutrinos & Photons




GZK effect for protons
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E > 100 EegV ------------
E
E

}EI:I E.E".,." E———
> 40 EeVY — — —

0.8

0.6

0.4

0.2

fraction of cosmic rays from distance > D

0.0

Allard, AVO, Parizot 07
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Allard, AVO, Parizot 07

E > 100 EegV ------------
E > E[:I Fall m—
E > 40 Eeyf — — —
~ Wavelength [mm]
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Modern Propagation Codes

Public:
CRPropa
1.0 Armengaud et al ‘06
2.0 Kampert et al. ‘12
3.0 Alvez Batista et al 13
SimProp
Aloisio et al 12

Private:
Allard et al ‘04
Taylor 07
Ahlers '10
others...




Source Model:
*injection spectrum:E-*
‘injected composition
‘redshift distribution

InterGal
Magnetic 'F S =l

Interaction Cross Sections, z evolution
Background Fields: CMB, UV/Opt/IR
Primary, Secondary nuclei, nucleons,
e+e-, gamma-rays, neutrinos,...

Spectrum




What are the most energetic Cosmic Particles ever detected?
Cosmic Rays of Ultra High Energies (UHECRS)

In what Energy range do we observe Cosmic Rays?
from 0.1 GeV to 0.3 ZeV or from 108 to 10?0 eV

How far can we observe them from? Galactic E < 10!7 eV ?2?
Extragalactic E > EeV = 108 eV; z_ ., = 107
E > 50 EeV, distances of < 100 Mpc

How are they observed?



What are the most energetic Cosmic Particles ever detected?
Cosmic Rays of Ultra High Energies (UHECRS)

In what Energy range do we observe Cosmic Rays?
from 0.1 GeV to 0.3 ZeV or from 102 to 10%° eV

How far can we observe them from? Galactic E < 10!7 eV ?2?7?
Extragalactic E > EeV = 108 eV:; Z.urces = 107
E > 50 EeV, distances of < 100 Mpc

How are they observed?
Detectors in Balloons, Space, Underground, Giant Ground Arrays



“Cosmic Ray Observatory on the ISS”

N afs" / 3 { ISS-CREAM
AMS Launch B . ! Sp-X Launch 2014

May 16, 2011 e oo, e | .

L - JEM-EUSO
CALET on JEM Launch Tentatively
HTV Launch 2014 planned for 2017

-r- -



Fluxes of Cosmic Rays

(1 particle per m*—second)

Flux (m* sr s GeV)™

4 Knee
I1SS-CREAM ] (1 particle per m*—year)

4

Ankle

{1 particle per km"—year)

10210"% 0 10"210"% 00060108 0'%02% 02
Energy (eV)




Recent Highlights (Aprll 3, 2013)
AMS first results

= AMS-02
PAMELA
4 Fermi

=
=]
=
s
o
o
—
-
O
[
]
-
0
="




AMS 02 (6 8 million e+ e events)
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The positron fran:tlnr'. is steadily increasing frum 10 to ~250 GeV

From 20 to 250 GeV, the slope decreases by an order of magnitude

. No structure in the spectrum A -
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AMS- [12 (6 8 million e’, e eveﬂts)

The positron fractmn is steadily increasing frﬂm 10 to ~250 GeV

From 20 to 250 GeV, the slope decreases by an order of magnitude
. No structure in the spectrum

Positron fraction

JI|.|| 1 1 | ]

1

S. Ting ICRC13

Collision of Cosmic Rays

my=B00 GeV

Dark MattEr madel hased cm l. Chcﬂ:s et al., arXiv: DElD 53:14
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AMS 02 (6 8 million e+ e events)

II1I| III1I| | BN

The positron frar:tlun is steadily increasing frﬂm 10 to ~250 GeV

From 20 to 250 GeV, the slope decreases by an order of magnitude
. Nos

10" 4.

i i i i i
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1

Dark Matter rnudel hased un I Chuils et al,, arXiv: UEID 5344




Proton flux

Flux x R*” (m?sr's?'GV")

2

L] IIIIII IIF[FTI

Search for structures s
AMS-02 Data

Pamela Data @ BEGISS

Rigidity (GV)

lI:llJI

S. Ting IARAC13

102 10°



Helium flux
Search for structures
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New results from AMS
4) Electron Spectrum
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New results from AMS
5) Positron Spectrum
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New results from AMS
Electron plus Positron) Spectrum
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Rd Boron-to-Carbon ratio

comparison with recent data
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Scaled flux E*° J(E) (m?s'sr'eV'?)

Equivalent c.m. energy Vs, (GeV)
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Ultrahigh Energy Cosmic Rays
Leading Observatories

Telescope Array

Utah, USA

700 km* array
3 fluorescence sites

. Pierre Auger

Observatory
Mendoza, Argentina

| 3 000 km? array
4 fluorescence sites



The Pierre Auger Observatory

Argentina Jg 500 Scientists, 19 Countries 4

Australia
Brasil » ¥
Bolivia™ :
Croatia
Czech Rep.
France
Germany
Italy

Mexico
Netherlands
Poland
Portugal
Romania*
Slovenia
Spain

UK

USA
Vietnam*

- 3,000 km? water cherenkov™ “.< .+ 7+
detectors array S RN
4 fluorescence Telescopes 4

¥ Associate Couril Malargue, Argentina . .



surface detector




array of tanks
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Auger 2013 preliminary

Normalizations: Hybrid 6%, Inclined +47, 750 m array +27, SD -1%

130 000 events !
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Telescope Array

Area: 680 km?
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To fit the spectrum, need:
1081 T .
injection spectrum: E=S, E_
+TA (x0.8) TR L
® Auger injection composition
Transition Gal/Extragal model

- _ Source evolution: FRII, SFR, uniform
0
" "
7
TE o . 3
24 | i
5. 1077 -
i’ E )
LJ i
© " A
e
2 - =
T
n © rrseeraeeay dip proton, uniform evol., s=2.6
- = = = dip proton, FRIl evol., s= E 3
- =— dip proton, SFR evol., 5=2.5
— Galactic mix, SFR ewjl, s=2.1
pure iron, SFR evol., s=2.0
1{:}23 i 1 i i I i i i i I i i i i I 1 [ i [
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log E [eV]

Kotera, AO °11
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Mixed Composition Model (Young Pulsars)
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108 To fit the spectrum, need:

. +HiRes | injection spectrum: E-5, Emax
| ®Auger injection composition
: Transition Gal/Extragal model

' : Source evolution: FRII, SFR, uniform
I _
0
)
-
9, i
i _
8 l
B
= _
MAN w dip proton, uniform evol.,, s=2.6 7
= = == djp proton, FRIl evol., s=2.3
- dip proton, SFR evol., s=2.5 -
Galactic mix, SFR evol., s=2.1
pure iron, SFR evol., s=2.0
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What is the Cosmic Ray composition?



What is the Cosmic Ray composition? Protons Nuclei (et e”)
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Composition
observable:
shower maximum

Auger level
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Auger Muons

Systematic Uncert.
Qll-04 p

Qll-04 Mixed

. EPOS-LHC p
EPOS-LHC Mixed

1 : i
R

Observe “too many” muons, even for Mixed Composition!




Inhibit E transfer from hadronic into EM shower,
by reducing the production or decay of n°

, ] AT OO .
= e o I Chiral Symmetry
& A LH‘P : Restoration
& ol Pion decay suppression
1 Pion production suppression
24 | ﬁ

650 700 750 800 850 900
X [glem?]

Property Increased | Change in Ny | Change 1 Xpax
Cross-section — Decreased
Elasticity — Increased
| 4 _ Multiplicity Increased Decreased
Far}'_ar é: ‘.MIEI.I ILRL 2L Primary Mass Increased Decreased
2 S A nV Eng. Frac. Decreased -




How can we tell New Physics from Astrophysics?

Muon Numbers & X_



How can we tell New Physics from Astrophysics?

Muon Numbers & X_
correlation bet. ground signal & X, for individual
hybrid events can discriminate between models



How can we tell New Physics from Astrophysics?

Muon Numbers & X_
correlation bet. ground signal & X, for individual
hybrid events can discriminate between models



How can we tell New Physics from Astrophysics?

Look for Spectral Recovery -
indicate PROTONS




How can we tell New Physics from Astrophysics?

Look for Spectral Recovery -
indicate PROTONS

FIND THE SOURCES!!!



How can we tell New Physics from Astrophysics?
Look for Spectral Recovery -

indicate PROTONS
Increase Statistics by 1 o.o.m. at Highest Energies

GO TO SPACE!' JEM-EUSO
FIND THE SOURCES!!!
Increase Statistics by 1 o.o.m. at Highest Energies

GO TO SPACE!! JEM-EUSO



p-Air Cross Section at sqrt(s)=57 TeV
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Low energy extensions (e.g. TALE) can cross-calibrate with LHC




How are UHECRs generated?
LE: shock acceleration in SNRs!
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How are UHECRs generated?
LE: shock acceleration in SNRs!

UHEs: unknown extragalactic powerful sources
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Challenging Accelerators

to reach 1020 eV
LHC magnetic field, e
or 10 GT fields! )




Hillas Plot: E . required
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Hillas Plot: me required

1pc Tkpc 1Mpc
[ |

proton acceleration harder,
L)
#|_but much more abundant

white
dwart

Iron easier to accelerate,
but harder to find in ISM

- easily destroyed
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Hillas Plot: E . required
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neutron star accelerator etficiency
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Young (Ultrafast) Pulsars




Gamma-ray Bursts

Progenitor
(massive star)
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Internal

shocks Fe line
Y
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Where are they coming from?



Where are they coming from?

Don’t know!
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EECR Anisotropy Hints

dominated by isotropic
E > 60 EeV background at 55 EeV

Mild anisotropy - still
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Auger - First Harmonic Analysis
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To detect sources
Observe at higher energies - fewer sources
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To detect sources

Increase statistics: ~1000 events > 60 EeV
~100 events > 100 EeV
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To detect sources

Increase statistics: ~1,000 events > 60 EeV
~100 events > 100 EeV
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How many EECRs > 60 EeV?

Auger w/ 3,000 km?

~20 events > 60 EeV/ yr
Telescope Array w/ 700 km?

~5 events > 60 EeV/ yr

Auger + TA ~ 25 events/yr > 60 EeV
40 years to reach 1,000!!
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40 years to reach 1,000

Earth - surface ~ 5 108 km?

~3.4 10% events/yr



How many EECRs > 60 EeV?

Auger w/ 3,000 km?
~20 events > 60 EeV/ yr
Telescope Array w/ 700 km?
~5 evenfts

Auger + TA ~ 25 even’r%@
40 years to rﬁ M
Earfhﬁ surface ~ 5 108 km?

L3

~3.4 10% events/yr



(treme Umverse Space Observai'ory
he Japanese Experiment Module of fhe ISS




How many UHECRs > 60 EeV?

Auger + TA ~30 events/yr

JEM-EUSO
~200 events > 60 EeV/ yr

Earth - surface =~ 5 108 km?

~3.4 106 events/yr
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Focal Surface Detector

26mm Y. Kawasaki, ID 0472
£ M. Ricci, ID 0335

55mm

Elementary Cell

4932 2x2 PMTs = 256 pixels)

MAPMTs
(8x8 pixels)

\

Photo-Detector Module
(3x3 ECs = 2,304 pixels

Focal Surface detector
137 PDMs

= 0.3M Pixels
1 High Voltage / PDM

27



Focal Surface Detector




“Cosmic Ray Observatory on the ISS”

N afs" / 3 { ISS-CREAM
AMS Launch B . ! Sp-X Launch 2014

May 16, 2011 e oo, e | .

L - JEM-EUSO
CALET on JEM Launch Tentatively
HTV Launch 2014 planned for 2017
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ISS orhit @ 400km
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In a decade, we can probe
| parhcle interactions at
>300 TeV CM

from Spacal"




How many UHECRs > 60 EeV?

Auger + TA ~30 events/yr

JEM-EUSO e R
~200 events > 60 EeV/ yragf N VN

w©
Earfh& gf'é‘g E" 5 108 km?

~3.4 106 events/yr




What are the hardest Cosmic Particles to detect?
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Dark Matter??

What are the 2™ hardest Cosmic Particles to detect?
Gravitons (Gravity Waves)??

What are the 3™ hardest Cosmic Particles to detect?
NEUTRINQS!
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What are the 3™ hardest Cosmic Particles to detect?
Neutrinos

How Abundant are they?
0.3% of the contents of the Universe

How far can we observe them from?
In principle, since neutrino decoupling.

Observed: Sun, Supernova 87a, Atmospheric
and IceCube 28 events 100 TeV to PeV !l
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PINGU

Atmospheric neutrinos provide
many values of Land E

Very large baselines for probing
matter effects (¥12,700 km)

Add ~40 strings inside DeepCore
20-25m string spacing (73 for DC*
and 125 for IC)
Cost “S60M




PINGU

* v, disappearance experiment

* 5-20 GeV energy range

arxiv:1306.5846
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Neutrino Astronomy Begins

PeV neutrinos first observed by IceCube (Apr13)

fue Aug & 07:23:18 201 Twoe Jon 3 C3:34:01 2012

‘Bert:1.05 PeV ' Ermie 1.15 PeV
i1 = ; |.. i_ =




Neutrino Astronomy Begins

PeV neutrinos first observed by IceCube (Apr13)

fue Aug & 07:23:18 201 Twoe Jon 3 C3:34:01 2012

‘Bert.1.05 PeV




Results of Contained Vertex Event Search (4.30)
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M. Whitehorn, UW Madison
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Galactic CRs?

EXd, [GeV cm? s sr]

100 =» 10°

10 =» 10°
events
per km2yr

m Frejusv,
o Frejusv,

— - Superk v,

AMANDA v,
o un1o|diﬂgr| |
olding

7 forward
lceCube v

w unioldin? :
[ forward tolding

- (Galactic supernovae

N - ——-— | - - - - - Ll

1 0 1 s 4 x B

7
log_ (E, [GeV])

Halzen ICRCI13




Skymap: No Significant Clustering

UBE PRELIMINARY

* All p-values are post-trial
all events /
p-value = 80%| I

shower events [ f £
p-value = 8% +

\

d TS= 2log(L/LO) 12.4

See: talk by Naoko Kurahashi Neilsctm S——

N. Whiteharn, UW Madizan



What are the 3™ hardest Cosmic Particles to detect?
Neutrinos

How Abundant are they?
0.3% of the contents of the Universe

How far can we observe them from?
In principle, since neutrino decoupling. Observed: Sun, Supernova
87a, and IceCube 28 events 100 TeV to PeV

How are they generated?



What are the 3™ hardest Cosmic Particles to detect?
Neutrinos

How Abundant are they?
0.3% of the contents of the Universe

How far can we observe them from?

In principle, since neutrino decoupling. Observed: Sun, Supernova
87a, and IceCube 28 events 100 TeV to PeV

How are they generated?

Early Universe;

Nuclear Reactions (Supernova, Stars...),
Hadronic Interactions;

UHECR propagation



HE Neutrino Limits

IceCube Nature '12 - constraints on (some)
Gamma-ray Bursts (GRB) Fireball Models

Waxman & Bahcall
| we |C40 limit

== |C40 Guetta et al.
" IC40459 Combined
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IC40+59 Guetta
et al.
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Cosmogenic (GZK) Neutrinos & Photons
and UHECR composu’rlon
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What is so cool about GZK neutrinos?

They can answer many questions about the origin
of UHECRs

and
Can test BSM physics directly



Tests of UHE Neutrino Interactions

Need to know the expected GZK
neutrino flux from UHECRs or...

Bt il Wikl i Crimdy ol il |555 = A
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Observe EarthSkimming & Airshowers Vs

BSM Physics that modifies the neutrino-nucleon cross section at
center-of-mass energy up fo 245 TeV. (g =310 ¢V)

Earth-skimming events occur in the Earth’s crust v+ N — 7= X
-t

Air-showers produced deep in the atmosphere vy+ N — (=X

Ex: leptophobic interaction - suppress the number of Earth-
skimming and increase the number of down-going showers.

Earth-skimming t showers Down-going (quasi-horizontal)
showers
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BSM Physics that modifies the neutrino-nucleon cross section at
center-of-mass energy up fo 245 TeV. (g =310 ¢V)

Earth-skimming events occur in the Earth’s crust v+ N — 7= X
-t

Air-showers produced deep in the atmosphere vy+ N — (=X

Ex: leptophobic interaction - suppress the number of Earth-
skimming and increase the number of down-going showers.

Earth-skimming t showers Down-going (quasi-horizontal)
showers




* Auger: Earth-skimming neutrinos and deep
downgoing showers




How are we trying to observe them?



How are we trying to observe them?

Low Energies: underground, reactors, accelerators,
CMB

High Energies: air, ice, water km? detectors, radio
balloons & arrays, future space missions



Highest Energy Neutrino Observatories

IceCube

AMANDA-Il Array

Bedrock Sk S
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Future Sensitivities
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Search for dark matter annihilations to v at

E, from 10 GeV — |0 TeV _[Ga!actic o ]

*lceCube-22 limits (PRD 84 (201 1) 022004)
*leeCube-79 himits

7 / wZ.b..—se vypD,.

Dwarf spheroidal galaxies
*lceCube-59 limits

Galaxy clusters
*lceCube-59 limits (aXiv:12103557 2012)

2 \\W',E’,r‘,b,... —e . v.r.p.D...

*leceCube-40 limits (arXiv: 12103557 2012)

Galactic Center
*lceCube-T9 sensitnty

Local sources: Sun (& Earth)
“IceCube-79 limits (PRL 110 (2013) 131302)

Imase: I¥]. Strasser
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Hidal galaxies

its (arxnv: | 2103557 2012)

2103557 2012) ]

Local sources: Sun (& Earth)
“IlceCube-79 limits (PRL |10 (2013) 131302)

Imase: I¥]. Strasser



What other Astroparticles may we observe?



What other Astroparticles may we observe?
Neutrons? Muons? (Monopoles?)



What other Astroparticles may we observe?
Neutrons? Muons? (Monopoles?)

10 PeV Muons from the Sun
EeV Neutrons from the Galactic Center

Topological defects
Primordial Black Holes
Q-balls

Strangelets

Nucleorites
etc...



Current Detectors



Cosmic Particles 2013

GeV TeV PeV EeV ZeV
Photons 12 15 18 21
FERMI 'y
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Future Detectors



Cosmic Particles 2020

GeV TeV PeV EeV ZeV
Photons 18 21
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Gamma 400 FERRER
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Cosmic Particles 2013
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